In order to efficiently remove diesel exhaust pollutants during long-term application under high temperature conditions, enhancing the thermal stability of catalysts is essential. Here, lanthana was introduced into a TiO 2 sulfur-resistant support via co-precipitation, and then a Pt/TiO 2 -La 2 O 3 diesel oxidation catalyst (DOC) was prepared using the impregnation method. The SO 2 uptake and EDX results indicate that the La 2 O 3 -doped Pt/TiO 2 -La 2 O 3 catalyst displays superior sulfur resistance compared to the commercial Pt/Al 2 O 3 and PtPd/CeO 2 -ZrO 2 -Al 2 O 3 DOC catalysts. Catalytic performance measurements showed that the as-prepared Pt/TiO 2 -La 2 O 3 catalyst exhibited significantly better activity than Pt/TiO 2 after high-temperature thermal aging and simulative 160 000 km vehicle aging. X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and N 2 adsorption-desorption results suggest that some of the La 3+ dopant ions migrated to the grain boundary of the TiO 2 crystal and other La 3+ ions replaced Ti 4+ ionic sites to form Ti-O-La bands, which impeded the crystal growth and phase transition of TiO 2 , and hence mitigated the destruction of the porous texture of TiO 2 . Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) observations further demonstrate that the introduction of lanthana into TiO 2 suppressed Pt particle agglomeration and catalyst particle sintering, consequently enhancing the thermal stability of the Pt/TiO 2 -La 2 O 3 catalyst. Thus, this work shows that lanthana can play an extremely important role in improving the structural and textural stability of TiO 2 and stabilizing the surface-active component of the Pt/TiO 2 DOC catalyst, hence enhancing the high-temperature aging resistance.
Introduction
Diesel engines are widely applied due to their robustness and high fuel efficiency. However, hazardous substances from diesel exhausts such as carbon monoxide (CO), unburned hydrocarbons (HCs), various oxides of nitrogen (NO x ) and particulate matter (PM) must be effectively removed. 1, 2 In recent years, an integrated exhaust aer-treatment system, containing a diesel oxidation catalyst (DOC) and a catalyzed diesel particulate lter with selective catalytic reduction, has been widely utilized for purifying diesel exhausts. 3, 4 The functions of the DOC in the aer-treatment system are removing CO, HCs, and the soluble organic fraction (SOF), and oxidizing NO to NO 2 .
Noteworthily, the sulfur poisoning resistibility of the DOC is a signicant and non-ignorable element, [5] [6] [7] because the sulfur content of commercial diesel fuels in developing countries is extremely high. 8, 9 Moreover, even with the introduction of ultralow sulfur diesel (ULSD) fuels, sulfur poisoning still remains one of the most important factors impacting the reactivity of DOCs. 10, 11 This is because even with ULSD, SO 2 adsorption/ condensation/desorption can still be a problem; 12 and current research 10 implies that the amount of sulfur species accumulated on a DOC catalyst over its lifetime may amount to kilograms. Thus, studies on suppressing sulfur species accumulation on DOC catalysts and enhancing the sulfur poisoning resistibility of DOCs are practical and signicant.
12
To improve the sulfur tolerance of catalysts, TiO 2 , as a nonsulfating material, has been introduced into vehicle exhaust catalysts and has played a commendable role. [12] [13] [14] [15] Furthermore, our previous studies [16] [17] [18] have suggested that rare earth element doping can improve the activity and stability while maintaining the sulfur resistibility of TiO 2 -based DOC catalysts. However, the anatase phase transition and decrease in specic surface area of TiO 2 under high temperatures 19, 20 result in platinum sintering and catalyst deactivation. 12 In the diesel exhaust aer-treatment system, during active DPF regeneration, the DOC bed a College of Environmental Science and Engineering, China West Normal University, Nanchong 637009, Sichuan, China. E-mail: zyang@cwnu.edu.cn; Fax: +86 817 2568646; Tel: +86 817 2568646 temperature rises rapidly (and can reach up to 850 C); 11, 21 additionally, diesel engines working at high loading or fast acceleration may also lead to a sharp rise in exhaust temperature. Thus, it is crucial for the thermal stability of TiO 2 -based DOCs to be improved.
Research has proven that the addition of La can efficiently enhance the thermal stability of CeO 2 (ref. 22 and 23) and Al 2 O 3 . 24, 25 In addition, the performance of La-doped TiO 2 materials in photocatalytic reactions has been extensively investigated.
26, 27 Cong et al. 28 have recently reported that La 3+ and N co-doping can enhance the thermal stability of TiO 2 microstructures and improve the photocatalytic activity of TiO 2 . Moreover, Gopalan, Sibu and Reddy et al. have reported that lanthana doping is conducive to improving the phase and pore structure stability of TiO 2 at high temperature.
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However, reports on the effects of lanthana on the porous textural features (i.e. specic surface area and pore volume) of TiO 2 -based vehicular emission purication catalysts under high temperature are still scarce. Due to the fact that the porous texture of a vehicular emission purication catalyst is closely related to its catalytic performance, 32, 33 it is essential to improve the porous texture and high-temperature resistibility of TiO 2 . Considering all of this, the effects of lanthana in enhancing the porous texture and high-temperature aging resistance of TiO 2 -based sulfur-resistant diesel oxidation catalysts were investigated in this work.
Experimental

Materials
Ammonium hydroxide, TiOSO 4 $2H 2 O, and La(NO 3 ) 3 $6H 2 O were purchased from Chengdu Kelong Chemical Reagent Factory (China), (EA) 2 Pt(OH) 6 solution (12.15% Pt w/w) was purchased from Heraeus, and all the chemicals were of analytical grade and used without further purication.
Catalyst synthesis
The TiO 2 -La 2 O 3 support was synthesized by co-precipitation with a molar ratio of Ti : La ¼ 9 : 1, which is the optimal ratio according to our previous related work. 17 
Catalytic performance measurements
The activities of the catalysts were tested on a multiple xed bed continuous ow reactor. The monolith was placed in a quartz tube reactor with an electric heater. The simulative diesel exhaust gases 35 contained a mixture of 1000 ppm CO, 330 ppm C 3 H 6 , 200 ppm NO, 50 ppm SO 2 , 8% CO 2 , 7% vapor, 10% O 2 , and N 2 balance at a gas space velocity of 60 000 h À1 , and were controlled by mass ow controllers. The inlet gas temperature was measured by a K-thermocouple which was xed 20 mm in front of the monolith to avoid the effect of oxidation reactions (exothermic). The catalyst bed temperature was measured by another 0.5 mm K-thermocouple which was placed in the middle of one of the center channels inside the monolith catalyst. The outlet CO was detected using an FGA-4100 automotive emission analyzer (Foshan Analytical Instrument Co., Ltd., China), and C 3 H 6 was analyzed with a GC2000II online gas chromatograph (Shanghai Analysis Instruments, China) using a ame ionization detector (FID). CO chemisorption was performed in a quartz tube reactor at room temperature. About 0.15 g of sample was reduced in a hydrogen ow (H 2 , 99.999%) of 50 mL min À1 at 500 C and exposed for 2 h. Aer cooling to room temperature in the same reducing stream, helium (He, 99.999%) was owed through the sample for 10 min, and then the Pt dispersion of the sample was determined by CO chemisorption. Because both linearly bound and bridge-bound CO existed on the Pt catalyst, a factor of 0.8 CO/Pt was used to calculate the concentration of surface Pt atoms.
Catalyst characterization
37
X-ray diffraction (XRD) patterns of the samples were obtained by power X-ray diffraction on a DX-1000 diffractometer (Dandong Fangyuan Instrument Co. Ltd., China) using Cu Ka radiation.
X-ray photoelectron spectroscopy (XPS) data were acquired using a Kratos XSAM 800 spectrometer (Kratos Analytic Inc.) with Al Ka radiation, and the C 1s binding energy (BE, 284.8 eV) was used to calibrate the binding energy shis of the samples.
Nitrogen adsorption-desorption isotherms were obtained on a QUADRASORB SI automated surface area and pore size analyzer (Quantachrome Instruments). The specic surface area and pore size were calculated using the BET and BJH method, respectively.
TEM images were acquired on a Tecnai G 2 F20 (E. A.
Fischione Instruments Inc., USA) transmission electron microscope (TEM). The surface morphologies of the catalysts were observed using a S-4800 (Hitachi Ltd.) scanning electron microscope (SEM), and the sulfur content of the aged catalysts was analyzed using an IE-250 (Oxford Instruments) energy dispersive X-ray (EDX) spectrometer.
Results and discussion
Sulfur resistibility
The sulfur resistibility of the catalysts was tested using SO 2 uptake testing. As shown in Fig. 1 Moreover, the doping of La into TiO 2 had essentially no effect on the naturally excellent sulfur resistance of the Pt/TiO 2 catalyst.
Meanwhile, according to the EDX testing results (Table 1) , the amount of sulfur accumulated on the simulative 160 000 km vehicle-aged Pt/TiO 2 (A) and Pt/TiO 2 -La 2 O 3 (A) catalysts was about 1.34 wt% and 1.85 wt%, respectively, while the values for the commercial Pt/Al 2 O 3 (A) and Pt-Pd/CeO 2 -ZrO 2 -Al 2 O 3 (A) DOC catalysts were about 5.79 wt% and 4.40 wt%, respectively. The normalized sulfur uptake values calculated from the EDX results also showed the same trend, which implies that compared with the current commercial Pt/Al 2 O 3 and Pt-Pd/CeO 2 -ZrO 2 -Al 2 O 3 DOC catalysts, the as-prepared Pt/TiO 2 and Pt/TiO 2 -La 2 O 3 catalysts exhibit obviously reduced sulfur accumulation under longterm exposure to diesel exhaust conditions. Additionally, the catalytic activity measurements show that both the as-prepared Pt/TiO 2 and Pt/TiO 2 -La 2 O 3 , and the commercial Pt/Al 2 O 3 and Pt-Pd/CeO 2 -ZrO 2 -Al 2 O 3 DOC catalysts displayed good purifying properties for diesel exhaust CO and C 3 H 6 ; all the mentioned catalysts can completely purify diesel CO and C 3 H 6 below 230 C (ESI, Fig. 1 †) . Because sulfur accumulation on catalysts leads to sulfur poisoning of the catalyst and hence activity degradation, our previous work veried that the commercial Pt/Al 2 O 3 and Pt-Pd/ CeO 2 -ZrO 2 -Al 2 O 3 DOC catalysts were signicantly deactivated due to the accumulation of sulfur on the catalyst surface, but the activity degradation of TiO 2 -based catalysts resulting from sulfur poisoning was very slight. 17 Thus, it can be suggested that compared to the current commercial Pt/Al 2 ). The activation energies of CO and C 3 H 6 oxidation were not calculated because the presence of mixed gases (CO, C 3 H 6 , NO etc.) under simulative diesel exhaust conditions may affect the kinetic parameters of CO and C 3 H 6 oxidation.
17,39 Based on the above results, it can be suggested that the modication of the Pt/TiO 2 catalyst with La signicantly mitigated the decrease in DOC reactivity resulting from high-temperature treatment, which in essence indicates that La doping can improve the thermo-stability of the Pt/TiO 2 catalyst.
3.2.2 Effects of high-temperature treatment. The relationship between the treatment temperature and the reaction rate at 210 C for both of the catalysts is shown in Fig. 3 Fig. 5 . Two peaks are observed for the Pt/TiO 2 sample; the peak with a binding energy of 530.0 eV is characteristic of lattice oxygen, and that with a binding energy of about 532.6 eV can be assigned to surface adsorbed oxygen. [48] [49] [50] For the Pt/TiO 2 -La 2 O 3 catalyst, the characteristic peak of lattice oxygen is located at 529.7 eV, which is obviously shied to a lower binding energy (decreasing by 0.3 eV); the peak for surface adsorbed oxygen is also located at 532.6 eV and the peak at 531.0 eV can be attributed to the contribution of chemisorbed oxygen or defect oxygen, 49, 50 which may result from the lattice oxygen separation of La 2 O 3 .
51,52
The XPS binding energy values of the Ti 2p 3/2 and La 3d 5/2 regions are listed in Table 3 
30,42
As presented in Fig. 5 and To determine the texture of each catalyst support, the N 2 adsorption-desorption technique was used. As shown in Fig. 6 , both the assynthesized TiO 2 (500) and TiO 2 -La 2 O 3 (500) show distinct H3 and H4 complex hysteresis loops indicating slit pore features.
54,55
When 3 h of thermal treatment at 700 C was employed, some of the pores in both samples collapsed, but a distinct porous structure was still observed. Aer calcination at 800 C for 3 h, which simulated high temperatures in a DOC bed resulting from active DPF regeneration, the TiO 2 support showed no obvious pore characteristics; however, the TiO 2 -La 2 O 3 support still showed a signicant H3 hysteresis loop indicating slit pore features provided by schistous particles, 54,55 until the temperature reached as high as 900 C. 
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The calculated porous parameter results are listed in , is similar to that of the fresh sample, which indicates that baking at 800 C for 3 h did not obviously block the open pores and did not destroy the porous characteristics of the TiO 2 -La 2 O 3 support. As a result, the embedding of catalyst active components as a result of the texture of the support being destroyed is relieved. It is thus clear that La doping efficiently relieved the high-temperature sintering of TiO 2 , and maintained the good porous texture of the TiO 2 -La 2 O 3 support at high temperatures. In order to further investigate the relationship between the structural properties and textural features of TiO 2 , the surface area-crystallite size relationships of both supports aer treatment at different temperatures were investigated as shown in Fig. 7 . The crystallite size of amorphous TiO 2 -La 2 O 3 (500) was crudely estimated using the unsharp (101) crystal face of anatase, and the crystallite size of TiO 2 aer calcining at 800 C and 900 C was calculated using the rutile crystal faces. It can be found that the surface area of both the TiO 2 and TiO 2 -La 2 O 3 supports declines and the crystallite size increases as the temperature rises. When the crystallite size is smaller than 20 nm, the surface area sharply declines with an increase in temperature; aer that, when the crystallite size is larger than 20 nm, the changes in surface area and crystallite size with a rise in temperature tend to be moderate. Note that a surface area of no less than 30 m 2 g À1 is required to maintain the catalytic performance of vehicular emissions purication catalysts.
32,56,57
The TiO 2 support exhibits a crystallite size of about 20 nm and a surface area of 30 m 2 g À1 at about 700 C, and the La-doped TiO 2 shows similar properties aer 3 h of treatment at 800 C, which means that the TiO 2 -based catalyst can hardly maintain good activity at temperatures higher than 800 C, but the TiO 2 -La 2 O 3 catalyst can. That is, La modication can lead to TiO 2 -based DOCs that retain good reactivity at temperatures higher than 800 C (the DOC bed temperature during active DPF regeneration). This corollary was conrmed by ESI Fig. 2 . † 3.3.4 TEM. Catalyst supports with superior porous textures are advantageous for the dispersion of the active phase and hence improving the catalytic activity.
58-60 The Pt particle sizes of the fresh and simulative vehicle-aged catalysts were observed by TEM. As presented in Fig. 8a and b, the Pt particles on the fresh Pt/TiO 2 and Pt/TiO 2 -La 2 O 3 catalysts are highly and homogeneously dispersed on the surface of the supports, and mimicking 160 000 km of vehicular exhaust aging obviously contributes to the Pt particle sintering of the Pt/TiO 2 (A) (Fig. 8c) and Pt/TiO 2 -La 2 O 3 (A) (Fig. 8d) catalysts. Based on the Pt particle size statistics obtained from the TEM images, the Pt particle size distributions of the catalysts were acquired and are displayed in Fig. 8e -h. For the Pt/TiO 2 catalyst (Fig. 8e) , the Pt particle size Fig. 7 The surface area-crystallite size relationships of the TiO 2 and TiO 2 -La 2 O 3 supports after 3 h of treatment at different temperatures. distribution is between 0.73 nm and 3.28 nm with a mean size of 1.57 nm, estimated from over 300 particles from multiple TEM images. The Pt particle mean diameter of the Pt/TiO 2 -La 2 O 3 catalyst (Fig. 8f) is about 1.39 nm and the size distribution is in the range of 0.65-3.25 nm (counting more than 300 Pt particles). To observe the Pt particles on the fresh catalysts more clearly, higher resolution TEM images were acquired and are supplied in Fig. 5 in the ESI. † For the aged catalysts, the mean Pt particle sizes of Pt/TiO 2 (A) (Fig. 8g) [61] [62] [63] due to the fact that smaller Pt particles supply a larger surface area to volume ratio and hence exhibit more surface Pt atoms (active phases). 16, 64 The Pt surface area to volume ratios of the as-prepared catalysts were estimated using the crude sphere model 16, 17 and are displayed in Table 5 . It can be seen that the Pt surface area to volume ratio of Pt/TiO 2 is 0.72, which is roughly identical to the value (0.80) of the Pt/ TiO 2 -La 2 O 3 catalyst. However, the surface Pt atomic ratio of the aged Pt/TiO 2 -La 2 O 3 (A) catalyst is about 0.076, which is almost twice as high as the surface Pt ratio (0.043) of the aged Pt/ TiO 2 (A) catalyst. It is thus clear that the Pt particles on both the Pt/TiO 2 and Pt/TiO 2 -La 2 O 3 catalysts are sintered into larger particles during the process of simulative 160 000 km vehicular exhaust aging, which is mainly caused by thermal sintering due to the high temperature of the exhaust gases. Compared to Pt/ TiO 2 , La-modied Pt/TiO 2 -La 2 O 3 can efficiently reduce Pt particle sintering and maintain a larger Pt surface area to volume ratio under exposure to high-temperature exhaust gases, and hence exhibit better catalytic performance aer undergoing simulative 160 000 km vehicular exhaust aging, which is consistent with the results shown in ESI Fig. 3 . † 3.3.5 SEM images and surface Pt concentration. In order to investigate whether La doping inhibited the sintering of TiO 2 -based DOC catalysts during practical use, scanning electron microscopy (SEM) was employed to observe the catalyst morphologies before and aer simulative 160 000 km vehicle aging. To get rst-hand morphological information on the catalysts in practical use, ceramic honeycombs of the monolithic catalysts were cut and then were observed. As shown in Fig. 9 , the Pt/TiO 2 catalyst exhibits an average particle size of about 2 mm with a few larger particles (5 mm), while for the Pt/ TiO 2 -La 2 O 3 catalyst, the average particle size is about 4 mm with a few smaller particles (1-2 mm); aer mimicking 160 000 km of vehicle aging, the particles size of the Pt/TiO 2 (A) catalyst sharply increased to larger than 10 mm, while the Pt/TiO 2 -La 2 O 3 (A) catalyst still exhibits a particle size of approximately 4 mm. Thus it can be seen that La modication successfully suppressed the sintering of the Pt/TiO 2 catalyst particles during long-term application under exposure to high-temperature diesel vehicular exhaust gases, which would reduce the embedding of surface Pt species (active component) and hence mitigate the reactivity decrease.
To study the effect of catalyst particle sintering on the embedding of surface Pt particles, X-ray photoelectron spectroscopy (XPS) was carried out and the surface Pt atomic concentrations of the fresh and aged catalysts were estimated using the sensitivity factor method. 53 As shown in ESI Fig. 6 , † the Pt (active phase) signal intensity for the fresh samples is obviously stronger than that for the mimicking vehicle-aged samples. The Pt chemical state differences between the fresh Pt/TiO 2 and Pt/TiO 2 -La 2 O 3 are potentially attributed to the difference in the Pt oxidation degree resulting from the difference in particle size. 17, 63 The surface Pt atomic concentrations of the catalysts are listed in Table 6 ; the surface Pt concentrations of fresh Pt/TiO 2 and Pt/TiO 2 -La 2 O 3 are 0.87 at% and 0.73 at%, respectively. For the simulative 160 000 km vehicle-aged samples, the surface Pt concentrations of Pt/TiO 2 (A) and Pt/ TiO 2 -La 2 O 3 (A) are 0.07 at% and 0.27 at%, respectively. It can be seen that the surface Pt (active phase) content of the fresh catalysts is obviously higher than that of the mimicking vehicleaged samples, mainly because of catalyst surface contamination and support pore structure collapse closing over the surface Pt particles during long-term use. 34, 65 In addition, the Pt dispersion of the fresh and 750 C aged catalysts was measured by CO Fig. 3 †) .
Conclusions
From the above results, it can be concluded that an appropriate dopant amount of lanthana in 
